We have investigated the spectra of extracellular proteins secreted by bovine endothelial cells cultured from large vessels, cornea, and capillaries. Aortic, venous, and corneal endothelial cells displayed highly similar patterns of protein synthesis as judged by analysis of the culture medium; the major products were flbronectln, a glycoprotein similar or identical to platelet thrombospondln, and Type III procollagen. Ion-exchange chromatography, followed by peptide mapping, confirmed the presence of EC, a novel endothelial collagen previously described In bovine aortic endothelial cell cultures. Minor variations were found in the collagens of the cell layers: Type III, the predominant Interstitial collagen, was associated with the basement membrane Types IV and V and, in the case of corneal endothelium, with Type I.
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At this point, direct comparisons between subendothelial basal laminae produced in vivo and the pericellular/extracellular stromal components that are synthesized by endothelial cells in vitro must be drawn with caution. One approach toward understanding the relationship between these two structures has involved both morphologic and biochemical characterization of their constituent macromolecules. Types IV and V collagen have been shown to be associated with subendothelial structures both in vivo and in vitro. 3 ' 10 ' 11 In addition, the glycoproteins laminin and fibronectin have been identified in subendothelial matrices. 212 These proteins mediate the adhesion of certain cell types to collagenous substrates in vitro (see the review by Kleinman et al. 13 ). Laminin is specific for the attachment of certain epithelial cells to Type IV collagen, 14 and fibronectin may function in cell-cell and cellmatrix attachment in certain tissues. 15 Such comparisons, however, have been complicated by the morphologic and biochemical heterogeneity of the cells and of the basal laminae that underlie the endothelia in different vessels. The basal lamina varies from a continuous, intact structure in capillaries to a discontinuous, poorly-defined component in muscular arteries. In the aortas of certain mammals, it may be rudimentary or altogether absent. 1617 The shape of endothelial cells has also been found to vary with vascular origin: the cells have been described as small and elongated in the rat aorta, rectangular in vena cava, and polygonal with tessellated borders in the pulmonary trunk. 18 Other variations among endothelia that have been found to occur both in vivo and in vitro include variations in intercellular junctional complexes, 1920 concentration of insulin receptors, 21 and certain metabolic functions. 22 To better understand endothelial cell-matrix interactions, we have studied some of the major proteins that are secreted by endothelial cells derived from different sources in culture. In earlier studies using adult bovine aortic endothelial cells, we identified three secreted glycoproteins of M r 150,000-250,000 after disulfide bond reduction, comprising about 70% of total protein secreted into the culture medium: fibronectin, Type III procollagen, and a glycoprotein recently identified as thrombospondin. 23 24 In addition, a novel collagen type (EC) was characterized in the culture medium, and Types IV and V collagen were described in the cell layer. 23 Using the aortic cells as a basis for comparison, we have investigated whether other bovine endothelial cells, including those from cornea, vena cava, and adrenal capillary, secreted different products. Studies on collagen synthesis by endothelial cells have produced controversial results, especially in the production of interstitial (Types I and III) versus basement membrane-associated collagens (Types IV and V). 23 Additional studies have described phenotypic modulation in endothelial cell cultures, in which loss of cell polarity, thromboresistance, and the typical "cobblestone" morphology, were associated with changes in the profile of collagen biosynthesis. 2526 Since some of the reported biosynthetic differences among endothelial cells may be due to the species or tissue of origin or to variations in tissue culture methodology, we undertook this survey to provide an intraspecies comparison among cells from alternate locations using similar biochemical techniques. By analyzing extracellular protein synthesis by vascular and avascular endothelial cells, and by cells from both large vessels and the microvasculature, we hope to elucidate some of the mechanisms involved in endothelial cell growth, migration, and regeneration. 27 
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Methods
Cell Culture and Metabolic Labeling
Cultures of adult bovine aortic endothelial (BAE) cells were isolated, subcultured, and maintained as previously described. 2930 Alternatively, BAE cells which had not been subjected to [ 3 H]thymidine treatment were studied to provide a similar basis of comparison with endothelia obtained from other tissues. Non-[ 3 H]thymidineselected BAE strains were obtained by gentle scraping of the aortic endothelial layer without prior collagenase treatment. These cultures, which displayed highly similar morphology, growth characteristics, and biosynthetic capacity as compared to [ 3 H]thymidine-selected cultures, were homogeneous with respect to cell type and did not manifest the sprouting phenotype. 26 BAE cells were usually metabolically labeled between the fourth and 12th passages, although in some experiments both primary cultures and cells in later passage were used.
Endothelial cells from bovine superior vena cava (BVE), a gift from Ulrich Delvos, University of Washington, were isolated according to published procedures. 31 These cultures were homogeneous and uniformly positive for Factor VIIIantigen, 32 displayed the cobblestone morphology and topo-inhibited monolayer at confluence which have been described for BAE cells, and exhibited a finite life span in vitro. BVE cells were grown in Dulbecco modified Eagle's medium (DMEM) containing 10% to 20% fetal calf serum (FCS) under the same conditions as previously reported for BAE cells. 30 Cells were passaged at a split ratio of 1:4 and were used between the fourth and sixth passages.
Bovine corneal endothelial (BCE) cells were provided by J. W. Chandler and J. Funderberg, University of Washington. Descemet's membrane was mechanically stripped from the posterior surface of adult bovine cornea and was placed in a 60 mm Petri dish containing MEM supplemented with antibiotics and 10% FCS. Cultures were initially passaged weekly at a split ratio of 1:2 and were later subcultured and grown in DMEM under the same conditions used for BAE and BVE cells. BCE strains were not contaminated by other cell types and exhibited a finite life span in vitro of approximately 25 to 30 population doublings. These cultures, which were found to be negative for Factor Vlll-antigen, were metabolically labeled between the 12th and 16th passage.
Capillary (CAP) endothelial cells were a gift from Bruce Zetter. This culture was cloned from bovine adrenal gland capillary endothelium as described by Folkman et al. 7 CAP cells, grown in tumor-conditioned medium, stained positively for Factor Vlll-antigen and exhibited a mean doubling time of 28 hours.
All endothelial cultures were metabolically labeled just as the cells reached confluence (3 to 4 days after subculture) under the conditions previously described. 30 After a 30 to 60 minutes preincubation in serum-free DMEM supplemented with antibiotics, /3-aminopropionitrile (/3-APN) (64 M9/ m 0 ar| d sodium ascorbate (50 /ig/ml), a fresh aliquot of this medium containing 50 /xCi/ml L-[2, 3-3 H] proline (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) Ci/mmole; New England Nuclear) was added to the cultures. The cells were incubated with isotope for 21 to 24 hours, after which the culture medium and cell layers were initially recovered in the presence of protease inhibitors, before further processing. 33
Characterization of Collagen Types and Other Proteins
Collagen Production
The incorporation of [ 3 H] proline into total secreted protein in the culture medium was determined by precipitation with trichloroacetic acid 30 and was subsequently normalized to 10 6 cells for comparative purposes. The percentage of total medium protein which was collagenous was determined by bacterial collagenase digestion (Advance Biofactures, Form III) as previously described. 33 (SDS-PAGE) under both reducing and nonreducing conditions, followed by fluorescence autoradiography (see Sage et al. 30 and their list of references).
Alternatively, culture medium was dialyzed against 0.5 N acetic acid and incubated with pepsin (Worthington, Freehold, New Jersey) at 4°C. 33 The pepsin-resistant protein was purified by precipitation using 1.8 M NaCI at acidic pH and 4.5 M NaCI at pH 7.5, followed by chromatography on Agarose A-5 m (Bio-Rad Laboratories, Richmond, California). 33 One-dimensional peptide mapping was performed by cleavage with CNBr (Eastman); subsequent analysis was done by SDS-PAGE. 33 
Collagens in the Cell Layer/Extracellular Matrix
Cell layers were processed by extraction into 0.1 N acetic acid followed by pepsin digestion, as described by Sage et al. 11 After addition of a fourfold molar excess of pepstatin (Peninsula Laboratories) over pepsin, collagenous protein was isolated by selective precipitation at 0.7 M NaCI and, subsequently, at 1.8 M NaCI, at acidic pH. Collagens were dialyzed against 0.1 M acetic acid, lyophilized, and subsequently analyzed by SDS-PAGE and by peptide mapping using CNBr.
Collagens from BVE and BCE cell layers were also characterized by chromatography on CMcellulose, using conditions previously described."
Immunofluorescence Studies
Intact BVE and BCE monolayers were fixed and exposed to affinity-purified antibodies to bovine Type III procollagen, human Type IV collagen, and human plasma fibronectin, in a double-antibody procedure as previously used for BAE cells." In addition, antisera to murine Type IV procollagen and to murine laminin (a gift from G. R. Martin, National Institutes of Health) were used. Extracellular matrices from which the cells had been removed by shaking for 10 minutes in 2% Triton X-100 in phosphate-buffered saline (PBS), followed by five 2-minute washes in PBS, were also examined by immunofluorescence using the same antibodies. The slides were photographed with a Zeiss Photomicroscope II equipped with epiillumination.
Identification of Protein in the Culture Medium
Radiolabeled culture medium protein was fractionated by ammonium sulfate precipitation in two steps: 20% and 20% to 50% (w/v). 34 Proteins were chromatographed on DEAE-cellulose at 4°C in 6 M urea as previously described, and peak fractions were analyzed by sodium dodecyl sulfate polyacrylamide gel electrophoresis
Results
Proteins In Endothelial Cell Culture Medium
The biosynthetic profiles of BAE, BCE, and BVE cells were found to be strikingly similar. Figure 1 shows the proteins secreted into the culture medium over a 21-to 24-hour period that were precipitated in 10% trichloroacetic acid. In mobilities on SDS-PAGE. This collagen type was further characterized.
A comparison of the overall protein synthesis and percent collagen production in the culture medium among BAE, BCE, BVE, and CAP cells is presented in table 1. CAP cells exhibited the highest rate of incorporation of [ 3 H]-proline into protein, approximately twice that of the most biosynthetically active BAE cultures. However, measurements of protein synthesis by endothelial cells in culture must be interpreted with caution. Although the precision of the measurement may be quite high, it is difficult to optimize growth conditions simultaneously for all cells without introducing additional variables which could influence biosynthetic rates. In addition, although the spectrum of proteins did not change, the passage number and interstrain variability have reportedly caused quantitative differences in protein synthesis. 23 ' M For this reason, we reported a range for both protein and collagen synthesis for BAE cells in table 1.
The corneal endothelial cells used in this study (table 1) were not senescent but had undergone more population doublings than the BAE and BVE cultures. Although in early passages they resembled the monolayers of ovoid cells isolated from rabbit cornea as described by Yue et al, 35 in later passages they became progressively larger and flatter. This correlation between age in culture or donor age and corneal endothelial cell morphology has also been noted by other investigators. 3536 Experiments with earlier passage BCE cells (representing 12 population doublings), in which the levels of secreted protein were measured after ammonium sulfate precipitation, indicated that these cells may optimally have a biosynthetic rate very similar to that of BAE cells, with approximately 7% of protein synthesis represented by collagen.
BAE, BVE, and BCE cells secreted similar amounts of collagen (3% to 10%) into the culture medium (table 1) . In contrast, CAP cells secreted at least five times more collagen, relative to total protein synthesis, than the other cell types and approximately 10 times more collagen on a per cell basis (table 1) . As was evident in figure 1 , virtually half of all protein in CAP culture medium was collagenous (table 1).
Characterization of Proteins In the Culture Medium
Ion-exchange chromatography on DEAE-cellulose at 4°C has been a useful technique for the initial fractionation of culture medium protein from many different kinds of cells. In addition, we have found that ammonium sulfate precipitation in two successive stages, followed by DEAEcellulose chromatography, provides an effective characterization of proteins in endothelial cell culture medium. It should be noted, however, Total protein and collagen levels were measured by incorporation of L-[2, 3-3 H] proline; cells were incubated with 50 ^Ci/ml for 24 hours, as described in Methods.
"Protein was precipitated in 10% trichloroacetic acid. Replicate determinations indicated variations of 2% to 4% using this method.
fExpressed as percent of dpm which were solubilized after incubation with bacterial collagenase, corrected for the increased proline content of collagen.
JRange represents data from a minimum of six different cell strains from primary passage to approximately 30 population doublings (see ref. 30 ).
that the high molecular weight glycoprotein, thrombospondin, is recovered in very low yields from DEAE-cellulose and has therefore been purified by other techniques. 24 Figure 2 represents the chromatographic profile of BCE culture medium protein, and figure 3 shows the profile for BVE; these were initially fractionated in 20% ammonium sulfate (figures 2 A and 3 A) and subsequently in 20% to 50% ammonium sulfate (figures 2 B and 3 B). These profiles should be compared to those generated on DEAE-cellulose from similar ammonium sulfate fractions of BAE culture medium protein. 30 ' M Quantitative differences were seen among the three major peaks in the 20% ammonium sulfate fraction and the four major peaks in the 20% to 50% ammonium sulfate fraction, for BAE, BCE, and BVE media; however, variations of similar magnitude have often been observed with culture media from different strains of BAE cells. The most important observation was that, qualitatively, the same major protein species were present in BAE, BCE, and BVE culture media, as assessed by SDS-PAGE analysis of the peak fractions obtained from DEAE-cellulose chromatography (figures 2 and 3 insets). These proteins are described below, by analogy to those from BAE cells.
Endothelial Collagen (EC)
A novel endothelial collagen (EC) was recovered after DEAE-cellulose chromatography in three forms: EC1 (M r 177,000), EC2 (M r 125,000), and EC3 (M r 100,000). These forms, which do not contain interchain disulfide bonds, are all derived from the same precursor protein. EC2, the predominant form, does not bind to DEAEcellulose under the conditions used in these experiments, and it was recovered in peak I (figures 2 and 3) . EC1, which is preferentially precipitated at higher concentrations of ammonium sulfate and elutes at the beginning of the salt gradient, was recovered in peak II of BCE medium (figure 2 B) . However, from BVE medium it was precipitated in 20% ammonium sulfate and did not bind to the DEAE-cellulose (figure 3 A, peak I).
Fibronectin
Fibronectin was eluted from DEAE-cellulose at a characteristic conductivity for both BCE (figure 2 A, peak II; figure 2 B, peak III) and BVE cell culture medium (figure 3, peak II). This was the major radiolabeled protein in the culture media.
Type III Procollagen
In the bovine system, Type III procollagen and the partially processed form are characteristically eluted from DEAE-cellulose somewhat later in the linear NaCI gradient than fibronectin and/or Type I procollagen. Chromatography of both BCE and BVE cell culture media revealed distinct peaks containing Type III pro-and pcollagen, which were preferentially precipitated at the lower ammonium sulfate concentration (figure 2 A, peak III and figure 3 A, peak III). This procollagen was identified as Type III by: 1) specific precipitation with affinity-purified antibodies to bovine Type III procollagen; 2) production of a collagenous molecule, after pepsin treatment, which migrated as a y-component on SDS-PAGE before reduction and as a single achain after reduction; and 3) mapping studies of the pro-and p-collagens utilizing CNBr cleavage (data not shown). We have applied similar criteria to the collagen which was purified after pepsin treatment of unfractionated culture media; results from these experiments are described later.
43K Protein
This component, a monomeric glycoprotein containing intrachain disulfide bonds, migrates on SDS-PAGE with an apparent M r of 43,000, based on a calibration curve using several globular proteins in the molecular weight range of 20,000 to 94,000. It is preferentially precipitated at the higher concentration of ammonium sulfate and has been purified to homogeneity by chromatography on DEAE-cellulose, followed by Sephadex G-200. 34 In addition to its presence in the culture media of BAE cells, bovine aortic smooth muscle cells, human fetal fibroblasts, and a murine hemangioendothelioma 37 (Sage, Pritzl, and Bornstein, unpublished observations), it was evident that both BCE and BVE culture media contained this protein as well (figures 2 B and 3 B, peak IV). Peptide mapping studies using several different proteinases have shown that the 43K protein is not related to fibronectin, a2macroglobulin, thrombospondin, oractin (Sage, Pritzl, and Bornstein, unpublished observations).
Identification of Collagen Types in the Culture Medium
To identify the collagenous component which did not bind to DEAE-cellulose in BCE and BVE culture media (figures 2 A and 3 A, peak I), these fractions were dialyzed against 0.1 N acetic acid, lyophilized, and subjected to cleavage using CNBr. Resolution of the peptides by SDS-PAGE, as shown in figure 4 
, confirmed that an EC which appeared structurally identical to that produced by BAE cells (lane 4) was also synthesized by BVE cells (lane 2) and by BCE cells (lane 3).
A limited supply of culture medium from CAP cells precluded analysis of protein by DEAEcellulose chromatography. Since the presence of cell layers were directly compared by SDS-PAGE, two differences were apparent ( figure 6,  lanes 1 and 2) . BCE cells synthesized significantly less Type IV collagen, as assessed by the relative amounts of a(IV) (M r 140,000 after reduction). In addition, Type I collagen represented approximately 10% of the total collagenous protein in the cell layers of BCE cells.
Since Types III and V collagen were described as the major collagenous species in BAE cell layers," BCE and BVE cell layer collagens were fractionated at NaCI concentrations that enrich for these two types. Type III collagen was precipitated at 0. In contrast, CAP cell layers were found to contain both Types I and III collagen in a ratio of approximately 1:1 ( figure 6, lanes 7 and 8) . Fractionation of CAP cell layer collagens by NaCI precipitation results in a greater than 90% recovery of cpm in the 0.7 M precipitate; analysis of the 1.8 M precipitate by SDS-PAGE did not reveal any bands with the mobility of a1(V) or a2(V). These results indicate that the synthesis of Type V collagen by CAP cells is very low (less than 2% of total collagenous protein in both the cell layer and the culture medium).
BCE and BVE cell layer collagens were further characterized by chromatography on CM-cellulose under denaturing conditions and by cleavage with CNBr. Figure 7 depicts the elution profile of BCE cell layer collagen after CMcellulose chromatography. The major peak which coeluted with a bovine type III collagen standard migrated as an homogeneous a-chain on SDS-PAGE after disulfide bond reduction (figure 7, peak IV and inset). SDS-PAGE analysis revealed that peak I contained only low molecular weight material, peak II contained primarily a component with the mobility of a1 (I) chains, and peak III contained a mixture of <*2(l) and «1(V) chains, together with additional bands presumably derived from degraded a2(V) chains (data not shown).
CNBr cleavage provided further identification of the major collagen in BCE and BVE cell layers as Type III ( figure 8) . The major fragments pro-7 8 
I -ai(in)
Discussion
Bovine endothelial cells, cultured from aorta, vena cava, and cornea (Descemet's membrane), synthesized a very similar spectrum of proteins. Fibronectin, comprising 35% to 45% of the total protein secreted into the culture medium over a 24 hour period, was identified by radioimmune precipitation using affinity-purified antibodies, followed by SDS-PAGE. Two other high molecular weight glycoproteins, thrombospondin and laminin, have been tentatively identified in BCE and BVE cultures by their mobility on SDS-PAGE, both in the presence and absence of reducing agent and by immunoprecipitation/ immunofiuorescence studies. These proteins have been characterized in greater detail in BAE cells. 2 24 The principal collagen secreted by these three endothelial cell types was identified as Type III procollagen, which comprised 3% to 8% of the total protein in the culture medium (table 1) . This procollagen was characterized by: 1) mobility on SDS-PAGE both before and after reduction; 2) C D Figure 9 . Immunofiuorescence localization of extracellular proteins on BCE cells. Cells were plated at low density on glass coverslips, fixed briefly in paraformaldehyde, and exposed to affinity-purified rabbit antibodies to fibronectin, Type III procollagen, and Type IV collagen. The immune complex was subsequently stained by reaction with goat anti-rabbit IgG which was conjugated to FITC. Alternatively, cells were removed from coverslips by brief shaking in detergent buffer, and the extracellular matrix material remaining on the dishes was treated as described above. A. Intact BCE cells after exposure to anti-Type III procollagen antibody. B. Cells as in (A) exposed to anti-Type IV collagen antibody. C. Extracellular matrix reacted with anti-Type III procollagen antibody. D. Matrix as in (C) reacted with anti-fibronectin antibody. All frames represent 1 minute exposures. Reaction of the cells with preimmune rabbit serum IgG resulted in minimal fluorescence with no apparent specificity of staining. X 350 chromatographic properties on DEAE-cellulose; 3) specific precipitation by affinity-purified antibodies to bovine Type III procollagen; 4) migration on SDS-PAGE as a disulfide-bonded y-component before reduction and as a single a-chain in the presence of dithiothreitol (DTT) subsequent to pepsin digestion, 4 and 5) production of fragments similar in molecular size to standard bovine Type III collagen after CNBr cleavage. Analysis of the pepsin-solubilized collagens in the endothelial cell layers by NaCI fractionation, SDS-PAGE, ion-exchange chromatography, and (in the case of Type III) CNBr cleavage, revealed that Type III was the predominant collagen species incorporated into the extracellular matrix. In addition, the basement membraneassociated Types, IV and V, were deposited in this compartment in lesser amounts. However, in contrast to Type III, these collagens were confined exclusively to the cell layer. The presence in the cell layer of an alternate form of Type III collagen, which exhibited a different CNBr peptide pattern from that in the culture medium, was recently reported in BAE cells. 11 The maps shown in figure 8 suggest that the extra peptide, which migrated between «1(I)-CB6 and a1(l)-CB3, may be present in other endothelial cell layers as well. A precedent for structural polymorphism between a secreted and a membranebound form of the same protein was described for the I gM molecule by Kehry et al. 38 Interestingly, a novel collagen, EC, which had previously been characterized in BAE culture medium, 34 was also found to be secreted by BCE and BVE cells (figures 2 and 3). This collagen, accounting for approximately 25% of the total collagen in the culture medium, was isolated after passage over DEAE-cellulose (to which it does not bind) and was identified by its characteristic CNBr peptide pattern after SDS-PAGE ( figure 4) . The presence of EC in endothelial cell layers has not been established due to its extreme lability to most proteases, including pepsin.
In contrast to the endothelial cells from aorta, vena cava, and cornea, adrenal capillary cells synthesized Type I procollagen, which was identified in both the culture medium and cell layer by mobility on SDS-PAGE before and after pepsin treatment (figures 1, 5, and 6). The cells also synthesized fibronectin, Type III procollagen, and, possibly, thrombospondin ( figure 1 ). Approximately 50% of the total protein secreted into the culture medium was collagenous, a value more similar to that observed for smooth muscle cells or fibroblasts than for endothelial cells. 33 Studies on collagen biosynthesis in BAE and BCE cell cultures by Gospodarowicz and coworkers have yielded results very similar to those described in this survey. Type III was the major procollagen produced by both cell types, Types IV and V were found to be preferentially associated with the cell layer; the ratio of collagen types secreted by BCE cells was 3:16:1 (Types l:lll:IV + V). 2 ' 39 One might have predicted that corneal endothelium, which is avascular and covers a continuous, morphologically distinct basement membrane (Descemet's membrane), would synthesize extracellular proteins different from those of aortic endothelium, which faces the bloodstream and covers a poorly defined basement membrane. Both cell types, however, have similar embryonic origins and arise from primary mesenchyme. 40 Since these cells synthesize collagen types other than Type III, and some of these types could contribute to extracellular basal laminae, it is possible that a synthetic modulation occurs in culture that favors the quantitative increase of one collagen type. This notion is not inconsistent with the production of basement membrane (Type IV) collagen by rabbit corneal endothelial cells, as described by Kefalides et al. 4 ' and by Sundar Raj et al. 42 However, these researchers based their identification of this type largely on posttranslational modifications of proline and lysine residues, a characteristic which often displays tissue or celldependent variation (see Bornstein and Sage 43 for a review).
Other investigators have described both interstitial and basement membrane collagens in aortic endothelial cells cultured from different species. 44 ' 45 Madri et al. 3 localized Types IV and V collagen to BAE extracellular matrices, but no collagen was identified in the culture medium. The source of this discrepancy remains unresolved but may have arisen from differences in the initial isolation and subculturing of the cells, in the number of passages, or in cell density at the time of labeling. In this regard, Kay et al. 46 have reported that normal human umbilical vein (HUV) endothelial cells preferentially sequester Type IV procollagen in the cell layer but release it into the culture medium upon viral transformation. In addition, Laurie et al. 47 presented immunohistochemical evidence that secretory organelles of endothelial cells stained positively for Type IV procollagen during the early stages of tooth development but became negative for this antigen at later stages after cellular migration. Unlike the bovine endothelial cells in this study, which did not secrete Type IV procollagen into the culture medium, we have found that cultures of both HUV cells and of a murine hemangioendothelioma did secrete this collagen type, which could be purified from the culture medium by ion exchange chromatography. 37 In terms of secretory phenotype, therefore, these endothelial cells do appear to be different from those of large vessels, capillary, and cornea; these observations confirm earlier suggestions that a Type IV procollagen was secreted by HUV cells. 148 The significance of the synthesis of Type I procollagen by CAP cultures is presently unknown. However, this secretory phenotype is particularly reminiscent of descriptions of variant or "modulated" endothelial cell cultures. BAE cells that displayed a secondary growth pattern, referred to as sprouting, synthesized Type I procollagen and lesser amounts of Type III procollagen and fibronectin. 26 These cells are elongate, stain positively for Factor Vlll-antigen, and grow under the monolayer in a mycelial pattern which eventually dominates the culture. 2949 An apparently similar alteration in growth control occurred when BAE cells that were initially cloned and grown in the presence of FGF were subcultured in the absence of the growth factor. These cells displayed alterations in morphology, polarity, thromboresistance, and protein synthesis, as manifested by the production of Type I collagen. 25 The capillary endothelial cells used in this study have been characterized as forming tubes in culture, a phenomenon termed "angiogenesis in vitro." 50 Although the mechanisms responsible for inducing such an angiogenic response have not been delineated, it is likely that factors extrinsic, as well as intrinsic, to the cell are involved. If CAP cells are indeed responsive to a different sort of growth control than that which regulates endothelial cells in, for example, larger vessels, this difference could be a function of the external substrate, the presence of receptors for certain growth factors, or the absence of "control macromolecules" which prevent proliferation. The temporal and spatial involvement of the secreted, extracellular proteins during capillary tube formation is presently not known. CAP cells have been shown to require a substrate composed of Type I collagen for growth. 7 Bowman et al. 51 reported that brain capillary endothelial cells in primary cultures secreted significantly reduced quantities of fibronectin when compared to capillary pericytes and required the addition of exogenous matrix components. This level of fibronectin synthesis, which approaches that of smooth muscle cells and is four-to sixfold lower than that reported for BAE cells (Sage, Pritzl, and Bornstein, unpublished observations), could be insufficient for CAP cell attachment and growth.
It may also be relevant that the extracellular distribution of fibronectin has been correlated with collagen type synthesis by cells in culture, 52 and fibronectin was recently shown by the immunoperoxidase technique to be distributed in an axial repeat pattern along native Type I procollagen fibrils. 53 That fibronectin and interstitial collagen types do interact in vivo has been shown by their codistribution in granulation tissue during wound healing. 54 It is therefore likely that one or both of these proteins may provide extracellular substrates during cellular migration. In this regard it has been suggested that variant BAE cells (resembling the sprouting cultures described by Schwartz 29 and Gospodarowicz et al 49 ) function as "lead cells" to provide a fibronectin substrate for endothelial cells involved in a neovascular response. 55 The production of Type III procollagen by endothelial cells may have significance in hemostasis. The distribution of this collagen type is very similar to that of reticulin and has been localized around small blood vessels in skin using hnmunoelectron microscopy. 56 Immunofluorescence studies have shown this collagen type to be a major component of the subendothelium, 57 although this distribution was not confirmed in a more recent report. 3 Although all the interstitial collagen types induced platelet aggregation, 56 Type III collagen was preferentially bound by both fibronectin and Factor VIIIrelated antigen. 5960 The presence of fibronectin on the surface of thrombin-stimulated platelets further suggested that platelet adhesion to the subendothelial collagen could be mediated by this glycoprotein after the endothelial surface had been disturbed. 6 
'
Synthesis of Type IV collagen by endothelial cells provides circumstantial evidence that these cells secrete at least some components of the basal lamina which underlies them. This collagen type is an integral component of all basement membranes and has been localized to endothelial extracellular matrices both in vivo and in vitro. 2310 In the present study, it was present only as a cell layer constituent.
While Type IV collagen has been characterized specifically as a structural component of the lamina densa, Type V is now considered to be a basement membrane-associated, or pericellular, collagen. 62 Type V collagen has been localized in vitro to the extracellular matrix of endothelial cells from several different tissues but has not been detected in the culture medium. 3 -39 It has been identified in vivo in vascular subendothelia 310 and in the avascular cornea. 83 Recent work by Madri et al. 3 has attributed the thromboresistance of the endothelium to the presence of Type V collagen on the luminal surface. In contrast to results obtained from earlier experiments in which soluble basement membrane types did not elicit platelet aggregation, more recent investigations have shown that this activity was dependent on the quaternary structure of the collagen and that fibrillar forms of Types IV and V were active in promoting platelet aggregation. 64 The extracellular matrix/basal lamina is of fundamental importance to several processes involving endothelial cell injury, regeneration, and repair. Vracko et al. 65 have suggested that the accumulation of basal lamina in muscle capil-laries, which is exaggerated in diabetics and aged individuals, results from the process of cell renewal. A similar process could be involved in certain corneal disorders in which a retrocorneal fibrous membrane is formed. This structure consisted of a thickened Descemet's membrane which contained several layers of endothelial cells embedded within an abundant extracellular matrix. 68 The involvement of distinct basement membrane structures, such as the alveolar and glomerular basement membranes and Descemet's membrane, in the regulation of permeability has been established. However, studies on nonrenal vascular basement membranes or basal laminae have been less conclusive. A recent report has proposed a role for granulocytes in altering vascular permeability during acute vascular response to inflammation. 67 One mechanism could involve secretion of enzymes which specifically degrade matrix components. 88 Alteration of the extracellular matrix would not only result in changes in the permeability barrier but could also promote cell detachment and migration; for example, removal of collagen from fibroblast extracellular matrices increased cell motility. 69 In addition, the elaboration of certain factors by cells associated with the inflammatory response could promote cell migration; in this regard, mast cell heparin has been shown to stimulate migration of capillary endothelial cells in vitro. 70 Elucidation of these and other processes that function in endothelial cell and in microvessel regeneration will contribute to an understanding of angiogenesis and intimal repair in vivo.
